Simulations of the structural and dynamical properties of denatured proteins: the "molten coil" state of bovine pancreatic trypsin inhibitor.
The dynamic nature of denatured, unfolded proteins makes it difficult to characterize their structures experimentally. To complement experiment and to obtain more detailed information about the structure and dynamic behavior of the denatured state, we have performed eleven 2.5 ns molecular dynamics simulations of reduced bovine pancreatic trypsin inhibitor (BPTI) at high temperature in water and a control simulation at 298 K, for a total of 30 ns of simulation time. In a neutral pH environment (acidic residues ionized), the unfolded protein structures were compact with an average radius of gyration 9% greater than the native state. The compact conformations resulted from the transient formation of non-native hydrophobic clusters, turns and salt bridges. However, when the acidic residues were protonated, the protein periodically expanded to a radius of gyration of 18 to 20 A. The early steps in unfolding were similar in the different simulations until passing through the major transition state of unfolding. Afterwards, unfolding proceeded through one of two general pathways with respect to secondary structure: loss of the C-terminal helix followed by loss of beta-structure or the opposite. To determine whether the protein preferentially sampled particular conformational substates in the denatured state, pairwise Calpha root-mean-square deviations were measured between all structures, but similar structures were found between only two trajectories. Yet, similar composite properties (secondary structure content, side-chain and water contacts, solvent accessible surface area, etc.) were observed for the structures that unfolded through different pathways. Somewhat surprisingly, the unfolded structures are in agreement with both past experiments suggesting that reduced BPTI is a random coil and more recent experiments providing evidence for non-random structure, demonstrating how ensembles of fluctuating structures can give rise to experimental observables that are seemingly at odds.